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Summary  of  Progress: 

Experimental  efforts  are  concentrated  on  (1)  showing  that 
conditions  in  our  in  situ  growth  system  are  sufficient  for 
diamond  growth,  (2)  the  preparation  of  substrates  with  high  step- 
terrace  density  that  are  suitable  tenplates  for  diamond 
heteroepitaxy  and  (3)  development  of  a  two-dimensional  diamond 
growth  method. 

Progress  toward  these  three  objectives  is  described  below. 
1.1  In  situ  Observation  of  Diamond  Nucleation  and  Growth 

The  exeunination  of  CVD  disunond  grown  for  short  times  on  Mo 
substrates  with  varying  pre- treatments  has  been  examined  and 
presented  in  a  Ph.D.  dissertation  (see  publications) .  Several 
conclusions  were  drawn  from  the  work:  (1)  on  Mo  substrates,  the 
formation  of  Mo-carbide  acted  as  a  nucleation  inhibitor,  (2) 
dicunond  seeds,  remaining  after  polishing  the  substrate,  could  be 
removed  by  suitable  heat  treatment,  which  was  found  to  be  a 
combination  of  the  temperature  and  the  heating  time. 

1.11  PEEM  studies  of  CVD  Diamond  on  Mo 

Further  exounination  of  the  substrate  morphology  also 
indicated  that  Mo-carbide  was  a  diffusion  barrier  to  both  carbon 
and  Mo  transport  through  the  growth  interface.  In  particular, 
diamond  was  stable  while  in  contact  with  Mo-carbide,  while  a  Mo-C 
or  Mo-diamond  interface  was  reactive  until  a  sufficient  carbide 
diffusion  barrier  was  formed.  A  final,  practical  result  was  the 
observation  that  a  diamond  seeded  Mo-carbide  surface  was  an  ideal 
growth  surface,  with  high  nucleation  density,  since  seeds 
survived  on  top  of  the  barrier  Mo-carbide  layer.  A  summary  of 
the  work  is  presented  in  the  Diamond  and  Related  Materials  (Wang, 
et  al.)  paper  cited  in  the  Appendix. 

•rhe  question  of  the  practicality  of  in  situ  observation  of 
diamond  nucleation  at  pressures  below  1  X  10'^  Torr 
hydrogen /methane  has  not  been  answered.  A  new  initiative,  the 
use  of  supersonic  molecular  beams  to  grow  diamond,  is  in  the 
planning  stage.  The  local  reactant  pressures  will  be  increased 
by  up  to  4  orders  of  magnitude  over  present  concentrations. 
Success  with  this  method  may  solve  the  nucleation  observation 
problem,  by  increasing  the  reactant  pressures  to  those  commonly 
used  in  CVD  reactors. 


1.12  TEM  studies  of  non-diamond  carbon  on  diamond 

Measurements  of  CVD  diamond  grown  directly  on  Mo  TEM 
specimen  grids  were  made  through  a  collaboration  with  the  Fritz 
Haber  Institute  in  Berlin,  Germany.  This  effort  was  funded  in 
part  by  a  NATO  travel  grant.  The  first  results  of  this 
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collaboration  are  presented  in  a  short  Letter  fay  Engel,  et  al., 
submitted  to  Diamond  and  Related  Materials,  reprinted  in  the 
J^pendix 


1.13  Re-growth  and  diamond  dissolution  on  Mo 

As  a  continuation  of  our  study  of  the  role  of  Mo-carbide  in 
CVD  diamond  nucleation.  Mo  TEM  grids  were  used  for  different 
lengths  of  time  in  our  hot  filament  CVD  reactor,  to  create 
different  Mo-carbide  substrates  for  nucleation.  Some  grids  were 
used  for  two  growth  cycles,  so  that  diamond  dissolution,  and  the 
Mo-carbide  diamond  attachment  site  could  be  studied.  These 
images  and  diffraction  data  are  currently  being  examined. 

1.2  Preparation  of  stepped/ facetted  Si (310)  surfaces 

An  issue  central  to  the  growth  of  defect -free,  electronic 
grade  heteroepit axial  growth  of  CVD  diamond  is  the  role  of  'high 
energy*  sites  on  the  surface,  such  as  steps,  which  may  be 
equivalent  to  the  "scratches*  that  are  commonly  found  to  nucleate 
diamond.  It  may  be  possible  to  nucleate  diamond  at  a  step,  then 
grow  the  CVD  heteroepitaxial  diamond  layer  laterally  across  the 
surface  by  the  "step  flow*  mechanism.  The  Si (310)  surface  mav 
form  a  stable  facetted  surface  that  contains  mono-atomic  height 
(100)  and  (111)  faces  that  could  be  used  for  CVD  diamond 
heteroepiteocy .  It  will  be  necessary  to  know  if:  (1)  the  stepped 
surface  can  be  prepared  (2)  the  (310)  surface  survives  CVD  growth 
methods  (3)  the  surface  forms  a  carbide,  and  what  crystal 
structure  this  layer  has,  and  (4)  does  diamond  nucleates  at  the 
steps  that  result. 

Preliminary  results  for  the  preparation  of  the  Si (310) 
surface  indicate  that  a  (100)  type  facet  may  be  the  predominant 
surface  feature.  A  LEED  pattern  is  shown  for  a  "clean",  annealed 
surface.  The  LEED  pattern  has  a  four-fold  symmetry,  the  Si (310) 
has  only  mirror  symmetry  and  possibly  a  glide  plane.  The  LEED 
data  suggest  reconstruction.  An  STM  image  of  the  reconstructed 
Si  (310)  surface  is  also  shown.  Re^lar  features  were  not 
observed.  Diamond  growth  on  the  Si (310)  surface  was  not  oriented 
relative  to  the  substrate  and  sparsely  nucleated. 

The  surface  structure  has  not  been  conclusively  identified, 
and  this  work  continues. 
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Figure  1.:  LEBD  Pattern  of  Si (310) 
surface,  probably  a  reconstructed 
surface  layer.  B  =  62  eV. 

Artists  conception:  the  four  small 
spots  around  the  larger  spots 
are  observed  in  all  cases,  but 
the  whole  pattern  may  be  centered, 
and  may  not  have  four- fold 
symmetry. 


Figure  2.:  SIM  of  same  Si (310)  surface  as  in  Fig.  1 
discernable  surface  ordering  is  present. 


1.3  Lateral  Carbon  Layer  Growth  on  Mo (100) 

In  order  to  continue  our  modified  ALE  (Atomic  Layer  EpitasQ^) 
approach  to  diamond  heteroepitaiqr.  a  Scanning  Auger  Microscope 
was  added  to  our  system  to  analyze  the  composition  of  the 
reaction  fronts  observed  during  deposition.  Design  and 
installation  are  proceeding. 


1.4  LEEM  observation  of  the  C(100)-H  surface 

'^e  charging  of  type  Ila  natural  diamond  substrates  has  made 
LEEM  imaging  of  the  surface  difficult  in  our  LEEM.  We  have 
attempted  to  obtain  a  doped<  homoepitaxial  C(IOO)  crystal  with 
only  limited  success.  We  are  exploring  the  possibility  of 
purchasing  a  suitable  naturally  semiconducting  C(IOO)  czystal  for 
observation. 


1.5  Emission  Microscopy  observation  of  the  segregation  of 

carbon  to  the  surface  of  Copper 

A  small  emission  microscope  built  to  observe  in  situ  the 
thermal  segregation  of  C  to  the  surface  of  an  ion-implanted  Cu 
specimen  has  been  built.  First  measurements  indicate  that  the 
evaporation  of  Cu  occurs  at  a  temperature  below  the  thermionic 
emission  threshold.  Proof  of  principle  studies  will  be  conducted 
with  manganese,  where  this  problem  is  not  present.  Addition  of 
carbon  to  the  Cu  stibstrate  may  still  preserve  the  original 
experimental  design.  If  not,  an  UV  illumination  source  will  be 
added  so  that  photoemission  images  may  also  be  obtained. 
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Abstract 

The  oxidation  and  dissolution  of  sparsely  nucleated,  1-2  um 
diameter  hot  filament  CVD  diamonds  on  polycrystalline  molybdenum 
(Mo)  substrates  is  observed  in  situ,  in  real-time  using 
photoelectron  emission  microscopy  (PEEM)  .  At  about  875  K,  p^^^  = 

3  X  10‘*  Torr,  CVD  diamond  is  etched  by  oxygen,  leaving  the 
Mo/Mo-carbide  substrate  complex  unaffected.  Dissolution  of  CVD 
diamond  into  the  Mo  substrate  begins  at  about  1475  K  in  ultra 
high  vacuxjm.  Oxidative  removal  of  diamond  leaves  pits  in  the 
substrate;  diamond  dissolution  results  in  raised,  bump-like 
hillocks.  These  bumps  are  identified  with  x-ray  photoelectron 
spectroscopy  as  Mo-carbide.  The  substrate  morphology  after 
oxygen  etching  and  dissolution  indicates  that  the  Mo-carbide  is 
primarily  a  barrier  against  carbon  diffusion  into  the  Mo  bulk, 
rather  than  a  nucleation  layer. 
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I .  Introduction 

Molybdenum  is  a  coimnon  substrate  for  diamond  thin  film 
growth,  since  it  is  a  carbide-forming  metal  under  the  conditions 
for  CVD  diamond  growth  [1]  .  It  is  also  a  stibstrate  with  good 
nucleation  properties  [2] .  Under  the  conditions  used  to  grow  CVD 
diamond,  molybdenum  carbide  is  present  in  only  one  chemical 
conqposition,  M02C,  which  is  advantageous  in  interpreting  the 
complex  roles  of  metal  and  carbide  in  the  nucleation  of  CVD 
diamond.  We  have  investigated  the  "reverse-growth",  i.e. 
dissolution  of  CVD  diamond  into  the  molybdenum  substrate,  and 
oxidation  of  CVD  diamond  at  relatively  low  pressures  and 
temperatures.  Using  the  photoelectron  emission  microscope  [3,4] 
(PEEM) ,  both  of  these  processes  have  been  observed  in  situ.  The 
resulting  surface  morphologies  may  be  placed  in  one-to-one 
correspondence  with  the  sites  previously  occupied  by  CVD  diamond 
crystallites. 

Emission  microscopy  is  a  high  contrast  method.  In  the 
photoelectron  emission  microscope,  variations  in  the 
photoelectron  yield  from  the  substrate  is  the  source  of  contrast 
and  image  intensity.  If  the  surface  has  a  work  function  less 
than  the  illumination  energy,  there  will  be  some  ejected 
photoelectrons  to  form  an  iiaage.  When  the  work  function  is 
greater  than  the  illiimination  energy,  there  will  be  no  photo- 
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electron  emission,  and  hence  no  intensity  in  the  image.  In  our 
experiment,  the  illumination  energy  is  about  5.1  eV,  so  that  the 
clean  molybdenum  surface  is  relatively  dark  in  the  image,  but  the 
carbon  covered  surface,  and  diamond,  is  bright. 

With  photoelectron  emission  microscopy,  CVD  diamond  [5,6], 
oxygen  adsorption  and  carbon  deposition  [7]  are  all  easily 
observed  on  molybdenum,  due  to  strong  variations  in  photoelectron 
yield  upon  adsorption/desorption  of  carbon  or  oxygen.  The  PEEM 
method  has  been  used  in  several  studies  of  carbon  and  carbide 
layers  on  Mo  [8-10] . 

Using  thermal  gravimetric  analysis,  at  least  two  groups, 

C.E.  Johnson  et  al.[ll]  and  R.  R.  Nimmagadda  et  al.[12],  have 
studied  the  oxidation  behavior  of  CVD  diamond  films  in  the 
ten?)erature  ranges  of  900  to  1050  K  and  800  to  1050  K 
respectively.  Both  groups  found  that  CVD  diamonds  start  to 
oxidize  appreciably  at  950  K,  although  the  oxidation  rate  of  CVD 
diamonds  was  found  to  depend  on  the  concentration  of  methane  used 
in  the  preparation  of  the  diamond  films. 

Most  recently,  Bachmann  et  al.  [13]  have  studied  the  post¬ 
growth  etching  of  continuous  polycrystalline  CVD  diamond  films. 
These  studies  have  been  mainly  concerned  with  the  oxidative 
attack  of  carbon  inpurities  in  inclusions  and  grain  boundaries  of 
the  diamond  films.  The  oxidation  was  performed  at  atmospheric 
pressure  in  pure  oxygen  at  875  K. 

The  amount  of  diamond  and  SiC  residue  left  after  polishing 
Mo  substrates  and  heat  treatment  is  the  object  of  a  study  by  Lux 


4 


and  co-workers  [14]  .  Using  imaging  SIMS,  they  showed  that 
diamond  could  be  dissolved  into  the  molybdenum  surface.  Spectral 
analysis  showed  the  removal  of  diamond,  and  formation  of  carbide, 
but  the  image  resolution  was  not  sufficient  to  examine  the  post¬ 
etching  surface  morphology. 

II .  Experimental 

The  CVD  diamond  sanples  under  examination  were  deposited  on 
polycrystalline  molybdenum  substrates  [15]  using  the  hot  filament 
assisted  CVD  technique  [16] .  All  of  the  substrates  were  polished 
using  diamond  paste  and  ultrasonically  cleaned  in  alcohol  before 
deposition.  Typical  growth  conditions  were:  1%  methane  in 
hydrogen  feed  gas,  60  seem  gas  flow,  50  torr  growth  pressure,  and 
1175  to  1225  K  substrate  temperature.  The  samples  were  mounted 
on  a  ceramic  holder  which  could  be  detached  from  the  fixed  holder 
socket  in  the  growth  chamber  and  transferred  to  the  measurement 
chamber.  Details  of  the  transfer  system  can  be  found  in  ref. 

[17].  The  growth  time  ranged  from  20  to  90  minutes.  The 
nucleation  of  CVD  diamond  was  controlled  so  that  only 
discontinuous  diamond  films  were  formed.  Unless  otherwise 
specified,  all  saitqples  were  transferred  to  the  measurement 
chamber  after  growth  was  completed  and  the  samples  were  allowed 
to  cool,  without  exposure  to  air. 

Heating  of  the  CVD  diamond  sanples  was  carried  out  by 
electron  bombardment.  The  temperature  of  the  sample  was  measured 
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with  a  two  color  pyrometer  [18] .  For  experiments  on  oxidation, 
the  os^gen  was  introduced  into  the  vacuum  chainber  through  a 
variable  leak  valve  located  at  the  bottom  of  the  chamber.  All  of 
the  experiments  were  observed  in  real-time  using  the  PEEM.  The 
processes  were  recorded  on  either  video  tape  or  3 Siren  film. 

For  the  X-ray  photoelectron  spectra  (XPS)  reported  below, 
the  standards  for  Mo,  diamond  and  Molybdenum  carbide  are:  a 
99.999%  pure  Mo  (100)  single  crystal,  a  thick  CVD  diamond  film 
and  a  Mo  substrate  which  has  been  exposed  to  the  diamond 
deposition  environment  for  two  hours  at  1375  K.  The  presence  of 
dicunond  and  molybdenum  carbide  on  the  substrates  was  confirmed  by 
x-ray  diffraction. 

The  vacuum  chamber  and  PEEM  are  described  in  refs.  [5]  and 
[19] .  An  accelerating  field  between  the  sample  and  second  lens 
element  is  the  basis  of  image  formation  in  emission  microscopy. 

In  our  microscope  10  kV  are  applied  between  the  electrically 
grounded  sample  and  the  PEEM  at  a  4  mm  working  distance. 

III.  Results 

A.  Dissolution  in  Vacuum 

For  the  conditions  used  in  these  experiments,  there  was  no 
observable  diamond  dissolution  into  Mo  below  1400  K.  Figure  la 
is  a  scanning  electron  microscope  (SEM)  image  of  a  typical  CVD 
diamond  film.  Upon  heating  to  1470  -  1500  K,  dissolution  could  be 
detected  by  direct  observation,  at  1500  K  the  central  area  of  the 
specimen  was  flat  and  smooth.  Due  to  uneven  heating,  the  center 
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of  the  specimen  reached  the  maximum  tenqperature,  and  was  devoid 
of  diamond  particles,  but  the  edges  were  less  affected,  and  an 
intermediate  area  of  c.  100  urn  width  showed  some  half -dissolved 
diamond  crystallites.  Figure  lb  shows  an  ex  situ  SEM  image  of 
such  a  region. 

The  SEM  images  reveal  details  on  the  morphology  of  the 
diamond  crystallites  and  the  substrate  near  the  diamond  sites. 
Evidence  of  dissolution  can  be  clearly  seen.  In  addition,  what 
appear  to  be  grain  boundaries  are  visible,  and  raised,  rounded 
features  that  are  similar  to  morphologies  due  to  melting.  For 
reasons  detailed  below,  the  material  next  to  the  diamond  residue 
is  probably  conposed  entirely  of  Mo-carbide. 

X-ray  photoelectron  spectroscopy  was  used  to  characterize 
the  sanples  before  and  after  the  heating.  Before  heating,  the 
XPS  peak  for  diamond  (C  Is)  was  observed  at  283.6  eV  (binding 
energy),  and  the  Mo  Sdg/j  at  227.3  eV.  The  dissolution  of  diamond 
into  the  substrate  resulted  in  a  new  peak  at  282.3  eV  assigned  to 
the  C  Is  level  in  M02C  [20],  but  no  shift  in  the  Mo  peak.  The 
carbide  was  identified  by  x-ray  diffraction  to  be  a-MOaC  [21,22]. 
These  XPS  spectra  are  not  reliable  quantitative  measures  of 
diamor.  -to-carbide  conversion,  because  the  sanpled  area  almost 
always  includes  substrate-edge  regions  where  the  heating  is 
uneven,  and  therefore  the  conversion  of  diamond  to  carbide  is 
incon^lete. 

In  order  to  observe  the  diamond  dissolution  more 
efficiently,  a  sparsely  nucleated  s\ibstrate  was  prepared.  The 
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molybdenum  surface  was  first  covered  with  a  'normal*  deposition 
lasting  20  minutes.  Small  («  1  urn  dia.)  diamonds,  with  a 
nucleation  density  of  c.  10^/cm^  were  observed  on  the  surface. 

The  substrate  was  heated  during  PEEM  observation  in  order  to 
dissolve  most  of  these  small  crystallites.  The  resulting  thin 
Mo-carbide  layer  effectively  inhibited  new  nucleation  of  diamond 
during  a  second,  65  minute  long  deposition.  Where  some  surviving 
diamonds  from  the  first  deposition  served  as  "seeds*,  growth  of 
diamonds  of  approximately  1  -  2  um  diameter  was  observed. 

"Seed  survival*  nucleation  is  indicated  by  the  location  of 
the  second  growth  diamonds:  the  center  of  the  substrate,  which 
reaches  the  highest  tenqperature,  is  con^osed  entirely  of  smooth 
Mo-carbide,  and  does  not  nucleate  diamond.  The  images  of  CVD 
diamond  in  figure  2a  are  from  the  surrounding  region  where  small 
seed  crystallites  survived  heating.  The  images  of  the  diamonds 
are  very  bright  against  the  relatively  dark  substrate  surface,  in 
part  due  to  field  emission  from  the  diamond  crystallites  [6] . 

Figures  2b  and  2c  are  in  situ  PEEM  micrographs  (  T=  1500  K) 
showing  the  result  of  the  heating  of  the  CVD  diamond  on  the 
Mo/Mo-carbide  substrate.  The  presence  of  the  crystallites  can  be 
determined  by  the  shadows  they  cast  due  to  the  glancing  incidence 
of  the  u.v.  light.  The  reduction  in  the  size  of  the  crystallites 
could  be  seen  in  (b)  and  (c)  .  After  th^  disappeared,  the 
sxibstrate  was  found  to  have  bumps  or  craters  (with  central 
indentations)  of  about  10  |im  in  diameter  left  at  the  diamond 
sites  (See  figure  3) . 
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B.  Oxidation 

Two  PEEM  micrographs  showing  the  oxidation  of  a  CVD  diamond 
sample  are  shown  in  figure  4a  and  b.  A  sparsely  nucleated  CVD 
diamond  sample  was  chosen  because  the  reduction  in  the  size  of 
the  diamond  particles  could  be  sinply  observed. 

The  chamber  pressure  was  in  the  mid  10*’  Torr  range  before 
the  seunple  was  heated  and  the  o^^rgen  was  introduced.  After  the 
sample  was  heated,  the  pressure  rose  to  the  low  10'^  Torr  range. 
Os^gen  was  introduced  into  the  chamber  while  the  sample  was  at 
elevated  tenqperature,  resulting  in  a  final  pressure  of  1  x  10'^ 
Torr.  Some  diamonds,  on  an  oxygen  covered  Mo  substrate  at  875  K, 
are  shown  in  fig.  4a.  The  substrate  is  dark  due  to  oxygen 
adsorption.  The  reduction  in  the  diameter  of  the  diamond 
crystallites  could  soon  be  noticed,  and  observed  continuously 
until  the  diamonds  were  completely  gone  ,  fig.  4b,  (about  one 
hour) . 

After  the  diamonds  were  completely  removed  by  oxidation, 
features  such  as  are  shown  in  fig.  4b  were  fotind  at  the  diamond 
sites.  The  direction  of  shadows  in  the  PEEM  image  indicate  that 
these  features  are  pits  or  depressions  in  the  substrate. 

Observation  of  these  sixbstrates  with  ex  situ  SEM  confirmed 
the  presence  of  pits  at  the  former  diamond  sites.  Fig.  5a  and  5b 
show  two  SEM  micrographs  of  the  same  area  on  a  CVD  diamond  saxnple 
before  and  after  oxidation.  It  is  significant  to  our 
interpretation  that  "pits"  in  the  substrate  at  diamond  sites  are 
observed  after  a  single  growth,  as  in  these  SEM  micrographs,  and 


for  a  substrate  that  has  been  heated  after  the  first  growth,  and 
diamond  grown  on  the  seeded  surface  such  as  in  the  process  shown 
in  figure  2a-c. 

IV.  Discussion 

The  very  noticeable  changes  observed  in  situ  at  the  diamond 
sites  are  the  pits  left  after  oxidation  and  the  bumps  left  after 
dissolution.  The  pits  left  at  the  diamond  sites  indicate  t%ra 
things:  there  is  little  etching  of  the  carbide  layer  by  oxygen 
at  875  K,  and,  the  diamonds  were  partially  buried  in  the  carbide 
layer.  The  bumps  left  at  the  diamond  sites  after  dissolution 
indicate  that  there  is  molybdenum  diffusion  from  the  bulk 
substrate  to  the  surface  where  the  Mo  reacts  with  the  CVD 
diamonds  to  form  Mo-carbide. 

While  not  quantitative,  the  reduction  of  the  C  Is  peak  at 
283.6  eV  after  oxidation  indicates  removal  of  diamonds  from  the 
substrate  surface.  The  C  Is  peak  at  282.3  eV  in  the  spectra 
after  oxidation  indicates  that  the  carbon  in  the  form  of  carbide 
with  the  substrate  was  not  removed  by  oxidation.  Similarly,  when 
diamond  crystallites  are  heated  in  vacuum  on  Mo  substrates,  the 
conversion  of  diamond  carbon  (283.6  eV)  to  carbide  (282.3  eV) 
indicates  that  carbide  forms  at  the  expense  of  diamond  carbon. 

The  lack  of  CVD  diamond  nucleation  on  pure  Mo-carbide  [23]  or  Mo- 
carbide  substrates  produced  by  diamond  dissolution  indicates  that 
the  carbide  layer  is  an  effective  nucleation  inhibitor. 

We  conclude  that  when  CVD  diamond  deposition  is  started. 
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diamond  nucleation  and  carbide  formation  are  simultaneous,  or  at 
the  very  least,  if  carbide  formation  proceeds  diamond  growth, 
nucleation  takes  place  on  areas  of  the  substrate  still  free  of 
carbide.  Carbide  grows  as  long  as  the  carbon  supply  continues 
and  mass  transport  of  Mo  through  the  carbide  layer  to  the  carbon- 
rich  surface  is  possible;  growth  of  the  carbide  layer  continues 
until  a  limiting  thickness  is  reached.  Because  the  carbide  grows 
with  the  diamond,  part  of  the  diamond  crystallite  is  buried  in 
the  carbide  layer.  When  the  diamond  crystallite  is  removed  by 
oxidation,  a  crater  is  left  on  the  diamond  site. 

Because  the  carbide  layer  under  the  diamond  crystallite  is 
thin,  mass  transport  of  Mo  is  possible  through  the  base  of  the 
carbide  crater  surrounding  the  diamond.  During  diamond 
dissolution,  a  ”b\imp"  is  left  at  the  diamond  site  as  a  result  of 
molybdenum  transport  through  the  cavity  in  the  carbide  layer, 
which  reacts  with  the  diamond  carbon  to  form  a  "plug*  at  the 
diamond  site. 

A  carbide  layer  is  always  found  between  a  carbide  forming 
substrate  and  the  CVD  diamond  film  grown  on  it.  It  is  therefore 
assumed  by  n^iny  that  the  carbide  layer  is  the  cause  of  CVD 
diamond  nucleation  [23,24].  The  observations  made  using  in  situ 
PEEM  and  SEM  of  CVD  iiamond  oxidation  and  dissolution  suggest 
that  the  carbide  layer  and  CVD  diroond  are  not  directly  related  by 
a  'cause  and  effect"  relationship  during  diamond  deposition.  In 
fact,  the  growth  of  carbide  can  alter  the  substrate  morphology  to 
such  a  degree  that  nucleation  of  CVD  diamond  on  a  carbide  layer 
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is  impossible. 

A  schematic  diagram  of  the  growth  of  CVD  diamond  on 
molybdeniun,  summarizing  the  information  obtained  from  PEEK  and 
SEM  observation  is  shown  in  figure  5.  Initial  growth  of  diamond 
and  the  MO-carbide  layer  is  shown,  with  no  secondary  nucleation 
on  the  carbide.  The  diamonds  are  enibedded  in  the  Mo-carbide 
film.  Oxidation  of  the  diamond  leaves  a  'pit*  in  the  NO-carbide. 
Heating  the  diamond  in  vacutun  allows  Mo  from  beneath  the  Mo- 
carbide  layer  to  move  through  the  thin  base  of  the  *pit*,  where 
it  reacts  with  the  diamond  carbon  to  form  a  Mo-carbide  'plug*  or 
crater-like  bump  on  the  surface.  The  shape  of  the  bump  indicates 
that  the  MO  is  mobile,  since  it  wells  up  into  the  pit.  There  is 
some  transport  along  the  surface  on  the  carbide  layer,  since  the 
bunps  seem  to  flow.  It  is  clear  from  the  shape  of  the  *pit*  that 
the  diamond-carbide  interface  is  stable,  but  the  carbon -metal 
interface  is  reactive,  until  metal  transport  ceases.  The  carbide 
layer  is  a  diffusion  barrier,  both  for  diamond  carbon  into  the 
Mo,  and,  to  a  lesser  extent,  for  Mo.  The  morphology  of  the  bximps 
left  at  the  diamond  sites  indicates  that  Mo  transport  is  the 
limiting  factor  in  the  reaction  of  diamond  with  the  Mo  substrate 
at  the  temperatures  used  in  this  stud/. 

Preliminary  experiments  show  that  pure  Mo-carbide  polished 
with  diamond  paste  or  SiC  sandpaper  show  excellent  CVD  diaonond 
nucleation.  It  is  possible  that  the  Mo-carbide  layer  protects 
the  seeds  left  after  polishing  by  inhibiting  loss  of  the  seeds  to 
Mo-carbide  formation  at  standard  growth  temperatures. 
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V.  Summary 

Tlie  Oxidation  and  dissolution  of  CVD  diamond  has  been 
studied  using  PEEM,  XPS  and  SEM.  Real-time  observation  of  these 
processes  was  performed  using  photoelectron  onission  microscopy. 
After  diamond  particles  were  removed  by  oxidation,  pits  were 
observed  at  the  dieunond  sites.  The  pits  left  at  the  diamond  sites 
indicate  that  the  carbide  layer  found  on  dieunond  substrates  grows 
simultaneously  with  diamond.  CVD  diamond  was  found  to  dissolve 
into  the  Mo  substrate  when  the  temperature  was  raised  above  1455 
K.  Dissolution  of  diamond  particles  was  observed  with  both  PEEM 
(real-time)  and  SEM  (ex-situ) .  The  formation  of  "bumps*  or 
"plugged  craters*  strongly  indicates  that  it  is  the  molybden\un 
from  the  substrate  that  is  the  mobile  species  in  carbide 
formation,  and  therefore  the  carbide  layer  must  be  a  barrier  to 
both  carbon  and  molybdenum  diffusion.  XPS  showed  only  M02C  was 
left  after  diamonds  were  removed  by  oxidation  or  by  heating. 
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Figure  Captions: 

Figure  1:  a)  SEM  micrograph  of  a  typical  hot  filament  CVD  diamond 
film  grovm  in  our  system.  A  JEOL  6300F  was  used, 
b)  SEM  image  of  diamond  dissolved  into  Mo.  The  sample 
temperature  at  this  exact  spot  is  unknown. 

Maximum  temperature  at  center,  where  no  diamond 
survived:  T  =  1500  K. 


Figure  2:  a)  PEEM  micrograph  of  individual  CVD  dieunonds  on  a 

Mo/Mo-carbide  substrate  at  300  K.  The  diamonds 
are  bright  spots,  due  to  field  emission  from  the 
crystallites.  The  substrate  is  dark  compared  to 
the  CVD  diamonds. 

Bar  =  50  urn. 

b)  Same  as  a)  showing  partial  dissolution  of  diamond, 

T  =  1500  K.  Note  the  illumination  shadows  in  the 
figure.  The  relative  contrast  between  the 
crystallites  and  the  substrate  is  less  than  in  a) 
due  to  thermionic  electron  emission  from  the 
substrate.  Bar  =  50  um. 

Same  as  b) ,  all  diamonds  dissolved. 

■Bumps",  indicating  Mo  transport  to  the  diamond 
site,  and  little  diffusion  parallel  to  the 
surface,  are  clearly  observed  at  the  former 
diamond  sites.  Bar  =  50  um. 


c) 
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Figure  3.:  PBEM  micrograph  of  "bumps*.  Note  depressions  in 
center  of  some  of  the  bumps.  Bar  =  30  urn. 

Figure  4.  a)  In  situ  PEEM  image  of  diamonds  during  oxidation. 

The  substrate  is  dark  due  to  oxygen  adsorption, 
which  raises  the  work  fimction  of  the  surface 
beyond  the  photoelectron  emission  threshold.  The 
CVD  diamonds  are  bright  spots  in  the  image. 

Bar  =  50  urn. 

b)  In  situ  PEEM,  showing  "pits*  at  former  diamond 
sites.  Bar  =  50  \im. 

Figure  5.  a)  SEM  image  of  CVD  diamonds  on  Mo.  A  JEOL  >5300  SEM 
was  used. 

b)  The  same  area  after  oxidation.  Pits  at  the  sites 
formerly  occupied  by  diamond  crystallites  are 
clearly  evident.  The  pits  are  present  even  for 
"first  growth"  diamond  deposition.  No  preheating 
or  diamond  pre-dissolution  was  performed  on  this 
sanqple. 

Figure  6.  Schematic  diagram  of  the  morphology  and  composition 
of  CVD  diamond  on  Mo.  Pits  remain  after 
diamond  oxidation,  and  "bumps*  or  crater-like 
features  result  during  dissolution  when  Mo  reacts 
with  CVD  diamond  to  form  Mo-carbide  at  the  diamond 
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Thin  (lOnm)  carbon  films  are  found  to  adhere  to  Chemical  Vapor  Deposited 
(CVD)  diamond  films.  This  layer  may  be  removed  with  a  simple  wash  in  isoprooanol. 
The  carbon  layer  is  structureless  in  TEM,  and  is  probably  a  hydrocarbon  residue 
remaining  on  the  diamond  surface  after  the  cessation  of  the  growth  process. 
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The  ratio  of  non-diamond  caiton  to  diamond  in  CVO  cfiamond  thin  films  has 
been  studied  intensively  since  the  discovery  of  the  low  temperature-low  pressure 
synthesis  of  diamond.  This  ratio  has  long  been  the  measure  of  the  success  of  a 
particular  growth  method.  In  this  letter  we  show  that  some  non-diamond  carbon 
residue  may  be  left  on  the  diamond  surface  after  growth,  and  that  this  layer  can  easily 
be  removed  with  a  simple  rinse  in  isopropanol. 

Several  measurements,  most  notably  micro-Raman  spectroscopy,  have  been 
used  to  determine  the  bulk  sp2/sp3  carbon  ratio  [1 ,2]  or  the  hydrogen  content  of  CVO 
diamond  films.  Measurements  of  hydrogen  (intent  and  sp2/sp3  carbon  bond  ratios 
may  be  influenced  by  the  presence  of  the  carbon  layer  described  below. 

Gleason  and  co-workers  have  determined  the  surface  to  bulk  ratio  of  H 
incorporated  into  diamond  films  using  NMR  spectroscopy  [2-5]  and  have  made 
quantitative  comparisons  with  NMR  and  infra-red  spectroscopy.  Gleason  has 
ODserved  the  effects  of  isopropanol  rinsing  of  CVD  diamond  in  NMR  [6],  and 
suggested  the  isopropanol  wash  procedure.  We  present  a  direct  observation  of  the 
carbon  residue  layer  and  its  removal  using  TEM,  and  a  direct  measurement  of 
hydrogen  content  in  as-grown  and  isopropanoi-washed  films  using  RBS/ERS. 

The  CVD  diamond  used  for  the  TEM  (Philips  CM120)  study  was  deposited 
directly  onto  a  molybdenum  TEM  grid  (Pelco  100/300  Mo  double  grid)  in  a  HFCVD 
reactor  from  1%  methane  in  hydrogen  for  10  -  20  minutes  [7]. 

Figure  la  shows  an  as-grown  diamond,  figure  1b  shows  a  diamond  that  was 
rinsed  with  isopropanol  by  dipping  the  TEM  grid  in  isopropanol  for  several  seconds. 
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The  overtayer  clearly  visible  on  the  diamond  in  figure  la  is  greatly  reduced  by  the 
isopropanol  rinse.  The  carbon  layer  was  observed  on  10  *  12  different  specimens 
grown  at  different  temperatures  and  for  different  lengths  of  time,  although  no 
systematic  analysis  of  the  layer  thickness  or  structure  was  attempted.  The  TEM  was 
fitted  with  a  HcMd  nitrogen  cold  finger  to  reduce  hydrocarbon  contamination  from  the 
microscope  itself,  and  the  films  were  not  obsenred  to  re-appear  during  examination. 

Fallon  and  Brown  [8,9]  have  also  observed  a  layer  on  the  surface  of  diamond 
crystals  using  high  resolution  TEM.  Through  the  use  of  electron  energy  toss 
spectroscopy  (EELS)  they  were  able  to  demonstrate  that  the  layer  was  predominantly 
sp^  bonded.  The  thickness  of  the  layer  they  observed  was  similar  to  ours  and  was 
amorphous. 

We  have  also  examined  a  flame  deposited  diamond  film.  This  film  was 
analyzed  using  Rutherford  Backscattering  Spectroscopy  (RBS)  and  Elastic  Recoil 
SoectroscoDV  (ERS)  [10].  The  probe  used  in  each  case  was  a  beam  of  2.50  MeV 
^He^*  particles.  Rgure  2,  inset,  shows  the  sample-detector  geometry  used  for  the 
RBS  and  ERS  measurements.  The  sample  was  tilted  so  that  the  beam  would  be 
incident  at  <{>  s  75**  from  the  surface  normal.  The  backscattered  alpha  particles  were 
collected  with  a  detector  located  at  1  with  respect  to  the  incident  beam.  A  second 
detector  located  at  an  angle  of  30**  from  the  incident  beam  simultaneously  acquired  a 
nydrogen  recoil  spectrum.  A  13  pm  thick  Mylar  stopper  foil  was  placed  in  front  of  this 
detector  to  eliminate  forward-scattered  alpha  particles  from  the  spectrum.  The  recoil 
spectrum  was  normalized  to  the  RBS  carbon  signal  and  subsequently  fitted  using 
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RUMP  which  is  capabie  of  simuiating  both  RBS  and  ERS  spectra  [11].  Rgure  2  shows 
the  concentration  of  hydrogen  as  a  function  of  depth  used  to  fit  tfie  ERS  data. 

RBS  and  ERS  data  were  acquired  from  the  sampie  first  in  the  as-received 
state.  The  sampie  was  then  ultrasonically  cleaned  in  isopropanol  for  25  minutes  and  a 
second  set  of  RBS  and  ERS  spectra  was  taken. 

The  spectrum  from  the  sample  in  the  as-received  state  has  a  surface  peak  of 
1 1 .5%  atomic  percent  hydrogen,  which  then  fails  off  to  5%  hydrogen  at  a  depth  of 
~100  nm.  The  concentration  of  hydrogen  then  continues  to  fall  off  at  a  linear  rate  to 
about  2%  in  the  bulk  diamond.  In  the  washed  state  there  is  almost  a  50%  reduction  in 
the  hydrogen  concentration  over  the  entire  spectrum  relative  to  that  measured  on  the 
control  sample.  The  surface  hydrogen  concentration  is  6.5%  which  then  drops  to  2% 
at  ~100  nm,  and  reaches  a  bulk  level  similar  to  that  of  the  sample  in  the  as-received 
state. 

The  equal  percentage  droo  in  the  hydrooen  content  over  the  entire  .spectrum  of 
the  washed  sample  highlights  a  major  problem  when  taking  data  from  polycrystalline 
diamond  samples.  For  a  smooth  surface,  the  variation  of  an  impurity  concentration  as 
a  function  of  energy  for  both  RBS  and  ERS  is  indicative  of  a  variation  in  the  iiTipurity 
concentration  as  a  function  of  depth.  However,  for  a  polycrystaliine  surface,  the 
possibility  exists  for  an  impurity  to  be  on  the  surface  of  an  individual  grain  yet  appear 
to  be  below  the  surface  of  the  sample  as  detected  by  RBS  or  ERS.  In  particular,  for 
samples  which  have  gaps  between  individual  grains  (see  Rgure  3),  two  types  of 
events  are  possible  that  shift  the  detected  energy  to  lower  values.  One  type  occurs 
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when  an  incident  paitide  recoiis  an  hydrogen  atom  through  the  diamond,  and  the 
second  type  occurs  when  the  alpha  particle  passes  through  the  diamond  and  then 
recoils  an  hydrogen  atom  upon  exiting  the  crystallite.  These  surface  events  will  be 
detected  at  energies  characteristic  of  subsurface  recoils,  and  thus  will  artifidalty 
increase  the  apparent  subsurface  hydrogen  concentration.  Therefore,  the  overall 
reduction  in  the  hydrogen  level  observed  in  the  figure  2  data  is  more  likely  to  be  due 
to  hydrogen  being  removed  from  the  surface  of  individual  diamond  crystals  rather 
than  by  the  isopropanol  penetrating  the  crystals  and  removing  the  hydrogen  from  their 
bulk. 

In  summary,  we  have  shown  that  a  hydrogen  bearing  layer  of  amorphous 
carbon  can  exist  on  the  surface  of  diamond.  This  layer  is  not  particularty  tenacious  as 
it  can  be  removed  by  an  isopropanol  rinse.  The  importance  of  this  layer  to  studies 
involving  Raman  spectroscopy  is  clear  since  the  scattering  cross-section  from  sp^ 
carbon  compared  to  sp’  is  known  to  be  fifty  times  greater  [12]. 
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Rgure  Captions: 

Rgure  1.:  a)  TEM  micrograph  of  a  hot  filament  CVD  diannond  crystallite  grown  on 
a  Mo  TEM  grid.  Beeun  voltage  120  kV.  The  bar  is  30  nm. 
b)  a  micrograph  from  the  same  TEM  grid,  after  a  gentle  rinse  in  isopropanoi. 

Bar  is  20  nm. 

Rgure  2.:  inset:  RBS  and  ERS  scattering/recoil  geometry,  top:  Atomic  hydrogen 
concentration  derived  from  RBS/ERS  spectra  of  the  as-received  flame 
deposited  CVO  diamond  film,  bottom:  same  as  top,  after  25  min.  ultrasonic 
cleaning  in  isopropanoi. 

Rgure  3.:  SEM  micrograph  of  the  flame-deposited  CVD  diamond  sample. 


